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Abstract We set out to analyse the phylogenetic distribution of
cox2 RNA editing sites. Database searches have revealed the
presence of mono- and dicotyledonous-speciﬁc RNA editing
sites. Therefore, to better understand tRNA editing system in
plants, we developed a new dicotyledonous in organello RNA
editing system using cauliﬂower mitochondria and analysed the
transcription of the cox2 gene for both maize and Arabidopsis.
These results were compared with those obtained from a maize
mitochondrial in organello system. Surprisingly, both the mono-
and dicotyledonous cox2 transcripts were eﬃciently edited in
the mitochondrial cauliﬂower and maize in organello systems,
respectively, even for RNA editing sites not present in the endog-
enous cox2 sequences. Taken together, our observations support
a self-guiding-transcript model for RNA editing in higher plants.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction
Gene expression in higher plant mitochondria involves site-
speciﬁc cleavage, cis- and trans-splicing, and RNA editing [1–
3] that is characterised by C-to-U and also occasional U-to-C
exchanges [4–7]. The high extent of required RNA editing is
indicated by the presence of over 400 RNA editing sites, for
example, in mitochondrial transcripts of Arabidopsis thaliana
(441) [8], rape (427) [9], and rice (491) [10].
As a ﬁrst step to elucidate the mechanism of RNA editing,
experimental systems for electroporation of mitochondria and
in organello incubation [11–13] as well as for in vitro RNA edit-
ing [14,15] have recently been established. So far, these ap-
proaches have yielded information on the cis-acting sequences
required for the recognition of mitochondrial RNA editing
sites, e.g. RNA editing requires an upstream sequence of about
20 nucleotides, and occasionally, also a downstream sequence
of a few nucleotides [16,17]. Moreover, experiments with chi-
meric atp6 transcripts indicate the presence of a transcript-spe-
ciﬁc binding site in a larger distance 5 0 to the editing site [18].
In plant chloroplasts, which contain only a few RNA editing
sites [19], a pentatricopeptide repeat protein is known to be
essential for RNA editing [20]. However, to date, factors bind-
ing the cis-elements of mitochondrial RNA editing sites have
not been identiﬁed and the nature of the recognition speciﬁcity
is still unknown.
In this study, we analyse in organello transcription of mito-
chondrial genes upon electroporation of Zea mays and Arabid-
opsis thaliana cox2 genes as a prelude to determining mono- vs.
dicotyledonous RNA editing diﬀerences. To this end, we addi-
tionally set up a new in organello system in cauliﬂower that
also allowed direct comparison with previous results described
in vitro [15]. Here, we discuss the implications of our ﬁndings
for the RNA editing mechanism.
2. Materials and methods
2.1. Plant lines used
Maize (line Kampala, Nickerson SA, France) mitochondria were
isolated from 9-day-old etiolated seedlings as described in [21]. Cauli-
ﬂower heads were obtained from local grocery shops.
2.2. Mitochondrial electroporation and in organello incubation
All mitochondrial procedures were performed as described in
[13,22], with the exception of the amount of mitochondrial protein
used. In brief, isolated, sucrose-gradient puriﬁed mitochondria
(1200 lg mitochondrial protein) were washed with 0.6 M sucrose, then
3 lg plasmid DNA was added before electroporation was performed
(conditions: 400 X resistance, 25 lF capacity, typically 20 kV/cm ﬁeld
strength using a BioRad electroporation apparatus). In organello incu-
bation of mitochondria was carried out as previously described [13].
2.3. Nucleic acid isolation and gel electrophoresis
Mitochondrial nucleic acids were isolated as described in [13]. Bac-
terial plasmid DNA was isolated using NucleoBond Reagent Set
(Macherey-Nagel, Du¨ren) or the Plasmid Midi Kit (Qiagen, Hilden).
2.4. PCR, RT-PCR and sequence analysis
PCR was performed as reported in [23], but using a Taq polymerase
supplied by Eppendorf (Hamburg). RT-PCR was done using a one
step RT-PCR kit from Qiagen. Sequence analysis was performed from
DNA or cDNA pools obtained from PCR or RT-PCR analysis [23].
Elution of PCR or RT-PCR fragments from an agarose gel was per-
formed using a NucleoSpin Extract Kit (Macherey-Nagel). Oligonucle-
otides FK357 (5 0-GATTAATTGATTGGATACCCGAGAAC-3 0)
and FK638 (5 0-GCGCTTTATGGCATTTCCACTATA-3 0) were used
for ampliﬁcation of A. thaliana cox2.
2.5. Vector construction
Vector pTJ246 containing the cox2 gene from A. thaliana mitochon-
drial DNA was from a previous study [13]. To construct vector
pNB475, carrying the maize cox2 ORF, the 5 0 and 3 0 untranslated re-
gions of the A. thaliana cox2 gene were ampliﬁed from total A. thaliana
DNA using primer pairs FK351 (5 0-GGGGGGGCGGCCGCGCC-
TTACCACACCAACCACC-3 0) and FK639 (5 0-GATATCTTTCAA-
AGCAAAGGTTCCTTC-3 0) or FK640 (5 0-GATATCGCGGAAAT-
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TTAAGAGTAAGGTG-30) and FK641 (5 0-CCCGGGCCTGAGG-
CAAAGGCGAATC -3 0), respectively. The amplicons were cloned in
pBluescript SK+ (Stratagene). Using oligonucleotides FK688 (5 0-
CCCGGGATGATTCTTCGTTCATTAGAATG-30) and FK689 (5 0-
CCCGGGTTAGTTGGTTTGGAGGATTAATTG-3 0), the coding
sequence of the maize cox2 gene was ampliﬁed from maize mitochon-
drial DNA and cloned between the 5 0 and 3 0 untranslated regions of
the A. thaliana cox2 gene. Vectors and localisation of oligonucleotides
are shown in Fig. 1a.
2.6. Standard procedures
All other standard molecular biology techniques were performed
according to published procedures [24].
3. Results
3.1. Introduction of heterologous cox2 genes into maize and
cauliﬂower mitochondria
The A. thaliana cox2 open reading frame contains 15 RNA
editing sites according to NCBI database entry NC_001284;
however, only six of these editing sites (13, 17, 19, 20, 23, 25;
see Table 1) have been identiﬁed using A. thaliana cox2 tran-
scripts in a maize mitochondrial in organello system [13,25].
Therefore, using A. thaliana cox2 transcripts in isolated maize
mitochondria, we analysed whether RNA editing takes place
at the nine other sites (see Table 1). RNA editing sites 4, 5,
6, 10, 12 and 26 were found to be edited completely. Site 3
was partially edited, whereas at sites 2 and 11 no editing was
observed. Interestingly, recognition occurs for editing sites 4,
25 and 26, although they are not present in the endogenous
maize cox2 transcripts.
As a prelude to analysing whether the coding region of
maize cox2 is transcribed and edited in mitochondria from a
dicotyledonous plant, we established a new in organello system
in cauliﬂower. Cauliﬂower is an excellent system for analysing
RNA processing as it is not only closely related to A. thaliana
but also allows high mitochondrial yield. The cauliﬂower cox2
coding region was sequenced on both the genomic and mRNA
levels to determine all RNA editing sites, and the observed
Fig. 1. (a) Maps of the Zm and At cox2 inserts of constructs pTJ246 and pNB475, respectively. The grey arrows indicate the exon–intron structure of
the cloned coding regions of Zea mays (Zm) and A. thaliana (At). The locations of oligonucleotides are indicated by arrow heads. (b) Physical map of
the maize cox2 coding region and localisation of oligonucleotides (Zm-Zea mays, Bo-Brassica oleracea). (c) PCR products using oligonucleotides
NB852 (5 0-CGCTTTATGGCATTTCAACGAGC-3 0) and FK789 (5 0-CCAATCCGCATAATCTTTCAAAGTC-3 0). Lane 1: RT-PCR with RNA
from cauliﬂower mitochondria containing the introduced maize cox2 gene extracted after three hours of in organello incubation. Lane 2: PCR with
maize mitochondrial DNA. Lanes 3 and 4: contamination control for PCR and RT-PCR, respectively. M, DNA size marker.
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RNA editing sites (see Table 1) were found to be virtually iden-
tical to those found in the A. thaliana cox2 mRNA. As plant
mitochondrial promoter sequences diﬀer between mono- and
dicotyledonous plants [26], the maize cox2 open reading frame
was cloned under the control of the A. thaliana cox2 promoter
and terminator sequences (Fig. 1a). This construct was electro-
porated into isolated cauliﬂower mitochondria. In organello
incubation was performed as described in a previous study
[13]. Using oligonucleotides NB852 and FK789 (Fig. 1b),
RT-PCR was carried out to analyse RNA editing of the maize
transcript. As shown in Fig. 1c, maize cox2 transcripts were
properly spliced in cauliﬂower mitochondria. Sequencing of
the 567 bp amplicon conﬁrmed speciﬁc ampliﬁcation of maize
cox2 transcripts and RNA editing. Thirteen editing sites
Table 1
Editing of maize and A. thaliana cox2 editing sites in heterologous systems
Editing site no. Position in sequence
of A. thaliana cox2b
A. thaliana editing
sites recognised in
organello in maize
mitochondria
Position in sequence
of Z. mays cox2c
Maize editing sites
recognised in
organello in cauliﬂower
mitochondria
Position in cauliﬂower
mitochondria (this study)
1 –d – 14 Not tested –
2 24 No 30a Not tested – (C)
3 25 Partially 31a Not tested 25a
4 27 Full – (C) Not tested 27
5 71 Full 77 Not tested 71
6 138 Full 144 Not tested 138
7 – (C) – (C) 162a Not tested – (C)
8 – (T) – (T) 167 Not tested – (T)
9 – (T) – (T) 169 Not tested – (T)
10 253 Full 259 Full 253
11 261 No – (T) – (T) – (C)
12 278 Full 284 Full 278
13 379 Full 385 Full – (T)
14 – (T) – (T) 449 Full – (T)
15 – (C) – (C) 466 Full – (C)
16 – (T) – (T) 467 Full – (T)
17 476 Full 482 Full 476
18 – (T) – (T) 550 Full – (T)
19 557 Full 563 Full 557
20 581 Full 587 Full 581
21 – (T) – (T) 620 Full – (T)
22 – (T) – (T) 638 Full – (T)
23 698 Full 704 Full 698
24 – (C) – (C) 711a No – (C)
25 721 Full – (A) – (A) 721
26 742 Full – (T) – (T) 742
aPartial editing.
bNCBI accession no. NC_001284.
cNCBI accession no. AY973492.
d–, not an editing site.
Fig. 2. Sequence analysis of RT-PCR products. Maize cox2 (pNB475) was introduced into cauliﬂower mitochondria, subjected to in organello
incubation, and RT-PCR amplicons were sequenced. The chromatograms show complete editing of the maize cox2 RT-PCR amplicon, with the
exception of editing site 24. The RNA editing sites are numbered according to Table 1 and underlined.
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present in this ampliﬁed fragment were found to be fully edited
(Fig. 2) with only site 24 not being edited in cauliﬂower mito-
chondria. However, this site is partially edited in maize as
shown in Table 1.
Among the 13 fully edited sites of the maize cox2 transcripts,
six sites are neither present in A. thaliana nor in cauliﬂower
cox2 transcripts as determined by sequence analysis and NCBI
database search (not shown). Hence, our data clearly show
that both in organello systems are able to recognise foreign
editing sites that are not present in the endogenous mRNA
population.
3.2. Comparison of cox2 RNA editing sites
We set out to analyse the phylogenetic distribution of the
cox2 RNA editing sites. To this end, a comprehensive database
search was performed to compare cox2 RNA editing sites of
diﬀerent mono- and dicotyledonous plants. Fig. 3 highlights
RNA editing sites that are recognised in either the maize or
cauliﬂower mitochondrial in organello systems, but that are
not present in the respective endogenous transcripts. Among
these, RNA editing sites 15 and 21 are exclusively found in
monocotyledonous plants (Figs. 3a and b), whereas editing site
25 is only found in dicotyledonous plants (Fig. 3c). In addition
to the sequences shown in Fig. 3, we analysed cox2 DNA and
cDNA sequences of an additional two mono- and seven dicot-
yledonous plants. In all cases, the same mono- and dicotyle-
donous-speciﬁc RNA editing sites were observed (not
shown). However, most interestingly, we found that site 21
was pre-edited in twenty of the dicotyledonous sequences ana-
lysed, i.e. it carries a thymine residue in the DNA sequence.
Despite this however, the maize transcript is still edited in cau-
liﬂower mitochondria at this site. Therefore, we conclude that
editing sites 15 and 21 of the maize cox2 mRNA ﬁrst evolved
in monocotyledonous plants. In contrast, editing site 25 may
have been either generated in dicotyledonous plants after sep-
aration from the monocotyledonous lineage or else was lost in
the monocotyledonous lineage after separation from dicotyle-
donous plants.
4. Discussion
The mechanism of recognition of RNA editing sites in
higher plant mitochondria is a matter of great debate. To date,
a b
21
c
Z.mays DNA
Z.mays cDNA
T.aestivum DNA
T.aestivum cDNA
O.sativa DNA
O.sativa cDNA
S.tuberosum DNA
S.tuberosum c
A.thaliana DNA
A.thaliana cDNA
Petunia DNA
Petunia cDNA
15 1614
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T.aestivum cDNA
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O.sativa cDNA
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A.thaliana cDNA
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2524
Fig. 3. (a)–(c) Alignment of cox2 sequences highlighting conserved RNA editing sites. cox2ORF sequences are from genomic DNA (NCBI accession
no. AY506529) and cDNAs (NCBI accession no. AY973492) of maize, genomic DNA (NCBI accession no. NC_007579) and cDNAs (NCBI
accession no. X52867) of wheat, genomic DNA and cDNAs of rice (NCBI accession no. BA000029), genomic DNA and cDNAs of Arabidopsis
thaliana (NC_001284), genomic DNA and cDNAs of Petunia · hybrida (NCBI accession no. X17395) and genomic DNA and cDNAs (NCBI
accession no. DQ185064) of Solanum tuberosum. (a) Maize cox2 RNA editing sites 14, 15 and 16. (b) Maize cox2 editing site 21. (c) A. thaliana cox2
editing site 25 and maize editing site 24. Nucleotides identical to the maize genomic sequence are represented by dots. Deviations from the maize
genomic sequence are indicated by single letters. Numbering corresponds in each case to the appropriate open reading frame. RNA editing sites in
genomic sequences are underlined.
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unlike for the trypanosome mitochondrial editing system [27],
there is no evidence for the existence of guide RNAs in either
the mitochondrial or nuclear genome in Arabidopsis. Yet there
are several hundred editing sites present in higher plant mito-
chondrial transcripts [8–10,28], although, intriguingly, no con-
sensus sequences among these sites have been identiﬁed [6]. In
sharp contrast, in plastids less than 30 editing sites are present
[19], and experimental data indicate the presence of editing-
site-speciﬁc proteins in plastids [20]. However, a protein-based
mitochondrial recognition system would thus require several
hundred components of the editing machinery.
Surprisingly, our data from the maize and cauliﬂower in
organello systems indicate that each system was able to edit
a related but foreign transcript even if some of the editing sites
were not present in the endogenous transcript. This unexpected
ﬁnding may be explained in two diﬀerent ways. On the one
hand, a common ancestor may have possessed a cox2 tran-
script with all editing sites as shown in Table 1. Later on when
mono- and dicotyledonous plants diverged, each may have lost
some of the editing sites, but still maintained the ability to edit
them, i.e. the trans-acting factors required were not lost. How-
ever, according to recent data [29], mono- and dicotyledonous
lineages split 140–150 million years ago. Thus, conservation of
unnecessary trans-acting factors appears to be highly unlikely.
Even assuming a secondary function for a trans-acting factor,
it is unlikely that an unused protein domain would have been
conserved for so long. There is, however, one reported case
where the editing capacity was retained without the corre-
sponding editing site being present, and this was in a tobac-
co-Atropa cybrid, for which the tobacco trans-acting factors
was able to edit Atropa-speciﬁc RNA sites [30,31]. However,
unlike mono- and dicotyledonous plants, tobacco and Atropa
are very close related and belong to the same family. There-
fore, the time line is completely diﬀerent and not to be com-
pared to the divergence of mono- and dicotyledonous plants.
On the other hand, the editing information may be contained
in the transcript itself, i.e. a complex secondary or tertiary
structure. In this scenario, there would be no need for conserva-
tion of site-speciﬁc trans-acting factors, as the ability to edit for-
eign editing sites would be based on the structural formation of
the RNA transcript. Indeed, the data described in this paper
would support such an RNA editing model. In other words,
we found that mono- or dicotyledonous plant-speciﬁc editing
sites are readily recognised and edited with high eﬃciency in
either in organello system. The ability to edit small fractions
of a transcript in an in vitro system [14] does not contradict this
view, as even smaller RNA molecules may form partial second-
ary structures suﬃcient for basal editing activity. Finally, a
self-guiding RNA would easily explain the noted absence of
trans-acting factors in plant mitochondrial RNA editing.
The self-guided-transcript model is not contradicted by the
apparent inability of the maize mitochondrial in organello sys-
tem to recognize certain transcripts, e.g. the sorghum atp6
transcript as we have described earlier [13,18]. In this particu-
lar case, none of the 19 editing sites can be edited in maize
mitochondria. We have previously shown that chimeric atp6
transcripts carrying certain maize sequences are partially edi-
ted at all sites [18]. As we assume recognition of a transcript
to be the ﬁrst step in the editing process, prior to the actual
editing reaction, we suspect that in the case of the atp6 tran-
script, the editing machinery failed to recognise the sorghum
transcript as a whole.
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